Understanding historical hydroclimate change during the last millennium is of fundamental importance for forecasting and evaluating the regional hydrologic cycle and water security under global warming. Here we compared observations of tree-ring stable isotope ratios (δ 13 C and δ 18 O), tree-ring widths, lake sediments estimates of regional hydroclimate, and glacier advance and retreat for northeastern Qinghai-Tibetan Plateau, China. The hydroclimate dynamics in our composite isotope record is similar to that derived from the juniper tree-ring widths throughout the last millennium until the latter half of the twentieth century, after which they diverged with the tree-ring widths indicating an unprecedented wet period while the isotopic results, sediment proxies, and glaciers demonstrated a drying pattern. Rising atmospheric CO 2 promoted increases in canopy-scale intrinsic water-use efficiency and growth, causing tree-ring widths to overestimate the regional hydroclimate signal in the growth record. Thus, our study suggests that CO 2 fertilization over the last century may confound hydroclimate reconstructions inferred from juniper tree-ring width at northeastern Qinghai-Tibetan Plateau, which may cause overestimates of water resources. Correction for CO 2 -induced changes in tree-ring widths may be necessary to accurately utilize tree rings for paleoclimate reconstructions.
Introduction
Rising atmospheric CO 2 concentration from anthropogenic emissions has fundamentally changed the terrestrial carbon and water cycles (IPCC, 2013) . Trees respond to rising CO 2 through enhancing plant photosynthetic rates and reducing stomatal conductance (Ainsworth & Rogers, 2007) , both of these two responses improve water use efficiency (Keenan et al., 2013) . Consequently, rising CO 2 can stimulate biomass accumulation and accelerate forest growth, which is termed CO 2 fertilization (Huang et al., 2007) . Some studies ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Key Points: • Hydroclimate variations over last 1,020 years were reconstructed from tree-ring stable isotope ratios and tree-ring width • Hydroclimate dynamics of the two series were similar throughout the last millennium until the latter half of the twentieth century • Tree growth resulting from CO 2 fertilization confounds the regional hydroclimate signal in the tree-ring width record
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Wang, W., Liu, X., Xu, G., Treydte, K., Shao, X., Qin, D., et al. (2019) . CO 2 fertilization confounds tree-ring records of regional hydroclimate at northeastern Qinghai-Tibetan Plateau. Earth and Space Science, 6, 730-740. https://doi.org/10.1029/2018EA000529 argued CO 2 coupled with drying climate did not result in enhanced tree growth (Peñuelas et al., 2011; van der Sleen et al., 2015) ; however, tree growth has benefited from CO 2 fertilization at some tree species in the high latitude and altitude regions (D'Arrigo & Jacoby, 1993; Hattenschwiler et al., 1997; Knapp et al., 2001; Knapp & Soulé, 2011; LaMarche et al., 1984) .
Annual tree growth rates from tree-ring width (TRW) measurements from long-lived trees are one of the most valuable proxy to understand regional and global paleoclimate variations over the last two millennia (IPCC, 2013) . Because TRWs have the advantages of wide regional distributions, easy sampling, exact dating, and high resolution, they are commonly used to detect past temperature or hydroclimate variation (Fritts, 1976) . Dendrochronologists use a variety of detrending methods to remove age-related downward patterns while retaining the low-frequency climate signals (Esper et al., 2002; Yang et al., 2014) , but few studies have considered the effects of CO 2 fertilization on TRW, which could possibly overestimate the amplitude of Anthropocene climate change (Knapp & Soulé, 2008) .
Tree-ring stable isotope proxies differ from the classical TRW proxy. δ 13 C reflects substomatal CO 2 partial pressure that supplies CO 2 to the mesophyll for photosynthesis. Variations in both δ 18 O and δ 13 C can reflect changes in the local hydroclimate (McCarroll & Loader, 2004) . Though tree-ring stable isotopes and TRW as paleoclimate proxies have different physiological mechanisms, they should vary similarly if they reflect similar climate factors. If CO 2 fertilization confounds TRW records, the chronologies of tree-ring stable isotopes and TRW should correlate significantly during periods of nonrising CO 2 (preindustrial) but deviate during the postindustrial era. Based on this theory, we hypothesized that we could partition CO 2 fertilization impacts on TRW by contrasting isotopic and TRW proxies.
To test our hypothesis, we compared millennium-long tree-ring δ 13 C, δ 18 O, and TRW in the northeastern Qinghai-Tibetan Plateau (QTP). In arid environments (annual precipitation less than 200 mm), TRW is usually recorded drought information, reflected both positively correlated with precipitation and negatively correlated with temperature (Shao et al., 2010) . Tree-ring δ 13 C also significantly responds to drought variations at this study region (Wang et al., 2016) . Tree-ring δ 18 O records the regional hydroclimate signals throughout our region (Qin et al., 2015; Wang et al., 2013; Xu et al., 2011) . The response of ring widths to moisture is often the opposite to the response of δ 13 C and δ 18 O values in arid environments (McCarroll & Loader, 2004) . Therefore, we composited tree-ring δ 13 C and δ 18 O chronologies to generate an Isotope Chronology (IC) to access whether CO 2 fertilization confounds regional hydroclimate recorded in the TRW. To provide independent confirmation of our interpretations of the TRW and IC comparison, we also compared our results to regional records of sediment proxies and glacier advance and retreat of regional hydroclimate.
Materials and Methods
Study Area
We performed our research in the northeastern QTP (Figure 1 ). High and steep mountains within the plateau-type basin form the terrain, with elevation ranging from 2,500 m to higher than 4,400 m. The climate in this area has a strong continental and Asia monsoon influence, characterized by long, cold, and dry winters and warm and moist summers. Based on Delingha meteorological station (37°22′N, 97°22′E, 2,981.5 m above sea level) records from 1956 to 2008, mean annual temperature is around 3.8°C, total annual precipitation averaged only 166 mm, with up to 60% falling in summer (June to August). However, in the surrounding mountains, annual precipitation can reach 400 mm due to orographic effects. Over the past five decades, the mean temperature and total precipitation during growing season have increased significantly in the northeastern QTP (supporting information Figure S1 ).
Desert steppe landscape dominates the northeastern QTP, with the natural vegetation consisting of various desert and dry grassland plants, such as Artemisia spp., Haloxylon ammodendron, and Sympegma regelii. However, Qilian juniper (Juniperus przewalskii) trees are sparsely distributed on sunny and semisunny slopes in the maximum precipitation belt at the mountain areas (Du & Sun, 1990) . Qilian junipers can live over millennia. Soils in the study area are primarily loess, with a thickness of 20 to 50 cm, but they are thin and may even be absent on steeper and eroded slopes (Shao et al., 2005) .
Chronologies Development
There are several published chronologies that are longer than 1,000 years from northeastern QTP (Shao et al., 2005; Yang et al., 2014; Zhang et al., 2003) , and they have generally same variation though sample size and regions vary (Yang et al., 2014) . Here we used the TRW data from Yang et al. (2014) to compare our IC data. The detrending method of TRW used the robust Signal-Free Regional Curve Standardization, which compares well with the conservative method (Shao et al., 2005; Yang et al., 2014) .
We sampled live juniper trees from the valleys Delingha (DLH1 and DLH2, in April 2009 and November 2011, respectively) and Tianjun (TJ, at May 2007) to build the tree-ring δ 18 O and δ 13 C series. At each site, more than 20 trees of similar size were selected randomly to collect tree cores using 12-mm diameter increment borers. We used standardized procedures to measure ring widths with a precision of 0.01 mm (LINTAB 6 measuring system) and checked cross-dating accuracy using the COFECHA software (Holmes, 1983) . For long chronology dating, we also used a previous established chronology in our region to control quality of the cross dating (Shao et al., 2010) .
Each annual ring was isolated, and we pooled the samples at same calendar year at the DLH1 and TJ sites back to 1800. At DLH2, we isolated the samples for 3-year periods and then pooled same calendar year samples from different trees during the period 991-2010 AD. Pooled samples were ground in a sample mill, and α-cellulose extraction procedures followed those described in our previous studies Xu et al., 2011) .
We measured the δ 13 C values in Lanzhou University, China, using a Flash EA 1112 Elemental Analyzer coupled with a Finnigan Delta Plus mass spectrometer (Thermo Electron Corporation, Bremen, Germany). The δ 18 O values were measured at the State Key Laboratory of Cryospheric Sciences, Chinese Academy of Sciences, using a High Temperature Conversion Elemental Analyzer coupled with a Finnigan MAT 253 Mass Spectrometer (Thermo Electron Corporation, Bremen, Germany). The analytical errors of the isotope measurements (the standard deviation for in-house reference samples) were less than 0.1‰ and 0.3‰ for δ 13 C and δ 18 O, respectively. To confirm the accuracy of the tree-ring δ 13 C data, we 
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Earth and Space Science measured 30 of the DLH1 samples again at the Los Alamos National Laboratory IRMS laboratory (McDowell et al., 2010) and found a strong linear correlation (R 2 = 0.95, slope = 1.01) between the two data set ( Figure S2 ).
Each individual tree-ring δ 18 O and δ 13 C value was measured from the same α-cellulose sample. The DLH2 site covered the period 991-2010 AD with 3-year groups, whereas DLH1 and TJ sites covered the period 1800-2008 and 1800-2006, respectively, with annual resolution (Figures S3-S7 ).
Corrections of Nonclimatic Trends
Tree-ring δ 13 C raw series after the industrial revolution experienced a significant decreasing trend response to increasing atmospheric CO 2 concentrations and decreasing atmospheric δ 13 C ( 13 C Suess Effect, Keeling, 1979) . We corrected the raw tree-ring δ 13 C series proposed by McCarroll et al. (2009) 
IC Development
The tree-ring δ 18 O and δ 13 C chronologies were z-scored and then averaged to create an IC using the equation (Andreu-Hayles et al., 2017; McCarroll et al., 2013) :
In paleoclimate research, another commonly used approach is called the composite plus scale (Mann et al., 2008) . If the climate proxies are sensitive to similar climate variation, then the individual series are standardized, weighted with the correlation coefficient of the climate variable, and then composited to form the synthesized series. The composite plus scale method generally has similar results to the present averaged results (r = 0.99, p < 0.001, Figure S8 ).
Meteorological Data
The nearest (approximate 15 km) station to the sample sites is the Delingha meteorological station. We used the monthly mean temperature and total precipitation from 1956 to 2008 to do climate response analysis. We also extracted a regional Palmer Drought Severity Index (scPDSI) data set (35-40°N, 95-100°E) from global scPDSI data set (Dai et al., 2004) . We only used the scPDSI data set during the common period (from 1956 to 2008) with the meteorological records to do correlation analysis, due to few instrumental station records together with large uncertainty associated with climate records before the 1950s in the QTP , The standardized precipitation evapotranspiration index was calculated from monthly temperature, precipitation, and geographic coordinates at Delingha weather station (Vicente-Serrano et al., 2010).
2.6. Calculations for C i /C a , C i , and iWUE
Intrinsic water-use efficiency (iWUE) is defined as the ratio of photosynthetic assimilation rate (A) to stomatal conductance for water vapor (g w ), which can be expressed as
where C i and C a refers to the CO 2 values in the intercellular of leaves and in the atmosphere, respectively. In addition, C i is a function of atmospheric CO 2 concentration and plant carbon isotope discrimination (Δ 13 C):
where a (~4.4‰) represents the magnitude of the discrimination that results from diffusion of CO 2 from the atmosphere into the intercellular space of leaf cells; b (~27‰) represents the isotope discrimination of ribulose bisphosphate carboxylase against 13 CO 2 .
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The carbon isotope discrimination (Δ 13 C) in C 3 plants can be calculated from tree-ring δ 13 C p and atmospheric δ 13 C a (Farquhar et al., 1989) :
Thus, we can derive the interannual internal CO 2 concentration and iWUE from tree-ring δ 13 C series.
Results
Tree-Ring Stable Isotope Series
Tree-ring δ 13 C and δ 18 O series showed coherent variations and trends at different sites during 1800 to 2006 (Table S1 ). Though mean corrected tree-ring δ 13 C and δ 18 O values at DLH1 and TJ are different, their interannual variation correlated significantly (r = 0.42 and 0.29 (p < 0.01) for δ 13 C and δ 18 O, respectively) during the last two centuries. We averaged the continuous 3-year δ 13 C and δ 18 O values at DLH1 and TJ to compare with DLH2. All values were significantly (p < 0.01) correlated with each other for tree-ring δ 13 C and δ 18 O (Table S1 ), which indicated our millennium-long tree-ring δ 13 C and δ 18 O chronologies not only record local site but also represent regional climate variation.
Climate Response
Separate and consolidated tree-ring δ 13 C and δ 18 O series were correlated with monthly climate variables (mean temperature, precipitation, and scPDSI). Tree-ring δ 13 C chronologies in DLH1 and TJ sites had similar climate response patterns, with both significantly correlated to June and July scPDSI (Table S2) . Tree-ring δ 18 O chronologies at the two sites also correlated significantly with scPDSI (Table S3 ). The highest negative correlation coefficient (r = −0.70, p < 0.001) was obtained from the IC and annual (previous August to current July) scPDSI for 1956-2008 (Figure 2a ). Moreover, the IC also correlated well with standardized precipitation evapotranspiration index (r = −0.62, p < 0.001) during 1956-2008.
We also calculated the Pearson correlation coefficients of TRW and monthly climate variables (mean temperature, precipitation, and scPDSI). TRW had significant positive correlation with regional scPDSI from each month during the previous August to current July (Figure 2b ). Then, we combined scPDSI from previous August to current July and correlated with TRW series, with a correlation coefficient of 0.63 (p < 0.01). We reconstructed regional scPDSI variation using linear regression based on the relationship of IC, TRW, and scPDSI ( Figure 3 ). Strong correlations of observation scPDSI and reconstruction scPDSI based on IC and TRW were found both at regular data and high frequency (first-order difference; Figures 3 and S9) . The reliability of the regression model was tested by splitting the data into two periods (1956-1981 and 1982-2008) for calibration and verification. For both periods, reduction of error and coefficient of efficiency were calculated (Cook et al., 1994; Fritts, 1976) . The values of reduction of error and coefficient of efficiency that were positive were regarded as robust for the regression model both for IC and TRW (Table S4 ). Furthermore, the leave-one-out test yielded a positive Reduction of Error, indicating that the regression model provides a useful prediction of scPDSI from IC and TRW.
Comparison of IC and TRW
We compared the reconstructed scPDSI from IC and TRW for this region. At the millennial time scale, reconstructed scPDSI variation from the IC and TRW had a strong correlation during the last millennium (r = 0.51, p < 0.001, n = 340; Figure 3e ). This relationship was not only found at interannual resolution but was also significantly correlated in the low-frequency (centennial) variation ( Figure S10 ). Furthermore, the IC-TRW relationship was robust within each centennial epoch, except the first century ( Figure S11 ). However, an offset between the IC and TRW data predictions of scPDSI was found after the 1950s (Figure 3e ). According to the TRW chronology, the most recent 50 years had the wettest period over the last 1,000 years. In contrast, the IC chronology suggests the last 50 years experienced a relative dry period during last 1,000 years.
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Discussion
Here we reconstructed scPDSI both from IC and TRW chronologies during the last 1,000 years in the northeastern QTP. The drought signal is recorded in TRW, δ 13 C, and δ 18 O through regulation of stomatal conductance in our arid region (McCarroll & Loader, 2004) , so it is reasonable to have strong correlation coefficients between scPDSI, IC, and TRW (Wang et al., 2016; Zhang et al., 2015) . An offset of scPDSI based on IC and TRW occurred after the 1950s (Figure 3e ). Comparison of the IC and TRW series to other moisture-related proxies provides insight into hydroclimate variation over the second half of the twentieth century (Figure 4) . Results from lake sediment at Gahai (about 15 km away) revealed that the twentieth century was one of the driest periods during the late Holocene in our study region (He et al., 2013) . Another study using chironomid fauna from lake sediment at Sugan (about 100 km away) also confirmed the relative dry period at the twentieth century (Chen et al., 2009 ). Finally, glacier retreat observations across the QTP suggest a drying or warming trend. Glacier retreat was approximately 48.2, 4.2, and 0.9 m/year in SE, NE and western QTP, respectively (Yao et al., 2012) , where the three millennium-long tree-ring stable isotopes series suggest strong drying (Grießinger et al., 2011) , moderate drying, and wetting (Treydte et al., 2006) corresponding to the three parts of QTP during the twentieth century. A synthesized moisture curve inferred from different proxies (e.g., lake sediments and glacier) over central Asia also showed the second half of twentieth century experienced a dry period (Chen et al., 2010) . Similarity of the independent glacier, lake sediments, and IC series suggests that the drought reconstructed from TRW data was likely overestimated.
The TRW overestimation of moisture availability during the second half of the twentieth century may be due to rising atmospheric CO 2 and its impact on tree radial growth. CO 2 fertilization typically increases the ratio of photosynthesis to stomatal conductance (the intrinsic water-use efficiency; Farquhar et al., 1989; Keenan et al., 2013) . Indeed, the tree-ring δ 13 C results support this conclusion, with rising internal CO 2 and higher water-use efficiency in recent decades (Figure 5a ), leading to a stronger correlation of internal CO 2 and TRW Figure 2 . Correlation coefficients between consolidated tree-ring stable isotope series (IC), regional TRW series, and monthly climate variables (from previous August to current October) during the period 1956 to 2008. The p and c before each month on the x axis represents the previous and current year, respectively. scPDSI = Palmer Drought Severity Index; IC = Isotope Chronology; TRW = tree-ring width.
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Earth and Space Science after 1901 (Figure 5b) . Consistently, juniper tree growth benefited from rising CO 2 during the second half of twentieth century in the northwestern United States (Knapp et al., 2001) . Further evidence for the impact of rising CO 2 is that the offset in Figure 3e was driven by low-frequency variation (such as gradually rising CO 2 ), while climate still exhibited an annual impact on both TRW and IC from 1950 to 2008, as their high-frequency residuals still highly correlated (r = 0.58, p < 0.01).
The correlations of either raw or detrended TRW versus leaf internal CO 2 are all significant but not particularly strong (R 2 averaged 0.31), consistent with the fact that while rising CO 2 does stimulate growth in 20% to 50% of forests worldwide (Gedalof & Berg, 2010; Peñuelas et al., 2011) , including in arid central Asia (Waring & Gao, 2016) , this stimulation can be partially or totally negated by unfavorable hydroclimate, particularly dry or warm conditions (Linares & Camarero, 2012; van der Sleen et al., 2015; . Thus, one 
Earth and Space Science measure of forest vulnerability to climate warming and drought may be the degree to which CO 2 stimulation is observed in growth.
Other than our results, discrepancies between hydroclimate reconstruction using tree-ring stable isotopes and TRW were also found in other regions ( Figure S12 ). In the arid central Tianshan Mountain, northwestern China, TRW was used to reconstruct regional drought, and they found an increasing moisture trend over the twentieth century (Li et al., 2006) . However, tree-ring δ 13 C and δ 18 O chronologies reconstructed regional drought variation, which has good agreement with previous TRW reconstructions, but did not find a wetting trend recently ( Figure  S12a ; Xu et al., 2014) . In southeastern Tibetan Plateau, tree-ring δ 18 O was successfully used to reconstruct growing season hydroclimate variation, revealed persistent drying trend since 1860 (Grießinger et al., 2011) . However, regional TRW demonstrated a generally wetter condition coincides with recent warming ( Figure S12b ; Li et al., 2016) . Furthermore, a case study in the interior Pacific Northwest using western juniper also indicated that CO 2 -sensitive trees for hydroclimate reconstruction may overestimate the results if the impacts of CO 2 fertilization were neglected (Knapp & Soulé, 2008) . In addition, we also noticed that rising CO 2 does not stimulate tree growth at some places (Peñuelas et al., 2011; van der Sleen et al., 2015) . At these regions, there is no offset of hydroclimate chronology inferred from TRW and tree-ring stable isotope series (Andreu-Hayles et al., 2017) . A global analysis revealed that though all trees had increasing iWUE, with an average of 20.5% increase from the 1960s to the 2000s period, only 50% of sites showed a positive trend in growth, while the other half had a negative or no trend (Peñuelas et al., 2011) . Numerous studies demonstrated that iWUE improvement was not sufficient to compensate for the negative effects of the rapid warming-induced water limitation on growth (Andreu-Hayles et al., 2011; Linares & Camarero, 2012; Wu et al., 2015) . Species type may also have an impact on the role of CO 2 fertilization (Martinez-Sancho et al., 2018; Zhang et al., 2018) . At the northeastern QTP, we found rising CO 2 stimulated juniper radial growth ( Figure 5) ; however, there was a declining trend of another dominant tree species (Picea crassifolia), despite a 40% iWUE increase . At Mediterranean sites, increased iWUE was negatively linked to pine growth but was positively associated with oak growth (Martinez-Sancho et al., 2018) . In addition, at the Pacific Northwest United States, western juniper demonstrated CO 2 fertilization induced growth increases (Knapp et al., 2001) , whereas limited evidence for CO 2 -related growth enhancement was found for lodgepole pine (Reed et al., 2018) . Stomatal regulation response to water stress, that is, iso-anisohydry continuum, maybe one possible hypothesis to interpret the species differences of CO 2 fertilization, with the more open stomata of anisohydric species enabling greater benefits from rising carbon dioxide.
Conclusions
In the northeastern QTP, the positive growth stimulation of tree rings due to rising CO 2 interacts with regional hydroclimate such that chronologies reconstructed from TRW should be carefully checked for confounding of the record. We suggest stable isotope chronologies, as well as independent proxies, be employed to evaluate how faithfully ring widths record hydroclimate. We compiled a new hydroclimate chronology from tree-ring stable isotopes, which is not only highly correlated to regional TRW reconstruction but also agreed with hydroclimate variability based on independent glacier and lake sediment proxies. The global variation in coupling of atmospheric CO 2 , precipitation, and growth should be investigated for its underlying mechanisms and simultaneously accounted for in climate reconstructions.
